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Moo.iCeo.902+5  (MDC)  impregnated  nickel-yttria-stabilized  zirconia  (Ni-YSZ)  has  been  fabricated  and 
evaluated  in  both  solid  oxide  fuel  cell  (SOFC)  and  solid  oxide  electrolysis  cell  (SOEC)  modes.  The  opti¬ 
mal  electrode  performance  has  been  obtained  by  MDC  modified  Ni-YSZ  with  MDC  loading  of  about 
294  mg  cm-3  resulted  from  7  repeated  impregnation  cycles.  Single  cells  with  the  configuration  of  MDC 
modified  Ni-YSZ  as  the  hydrogen  electrode,  YSZ  as  the  electrolyte  and  (Lao.75Sr0.25)o.95Mn03-YSZ  as  the 
oxygen  electrode  show  a  power  density  of  837mWcnrr2  and  a  polarization  resistance  of  0.15  £2  cm2 
(under  open  circuit  condition)  at  800  °C  when  using  hydrogen  as  the  fuel  and  ambient  air  as  the  oxi¬ 
dant  in  the  SOFC  mode.  Such  cells  show  current  densities  of  1.14Acnrr2  and  1.60  A  cm-2  with  30vol.% 
and  70vol.%  absolute  humidity  (AH),  respectively  at  800  °C  with  an  applied  voltage  of  1.6  V  in  the  SOEC 
mode.  The  cells  with  MDC  modified  Ni-YSZ  as  the  anode  also  show  very  good  sulfur  tolerance  and  cok¬ 
ing  resistance.  Power  densities  of  440  mW  cm-2  and  420  mW  cm-2  can  be  obtained  when  using  H2  with 
50  ppm  H2S  and  methane  as  the  fuel,  respectively  under  a  current  density  of  0.60  A  cm-2  at  750  °C.  It  has 
been  revealed  that  MDC  enhances  the  electrical  conductivity  and  improves  the  triple  phase  boundary 
(TPB)  length,  resulting  in  significant  enhancement  of  the  cell  performance  when  using  the  MDC  modified 
Ni-YSZ  electrode. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  cells  (SOCs)  have  been  considered  as  one  of  the 
promising  technologies,  since  they  can  be  operated  efficiently  in  the 
fuel  cell  mode  by  electrochemically  combining  fuel  with  oxidant 
(solid  oxide  fuel  cell,  SOFC)  and  the  electrolysis  mode  by  generating 
chemicals  through  electrolysis  (solid  oxide  electrolysis  cell,  SOEC) 
[1,2].  SOFC  has  been  reported  to  be  reversible  and  can  be  operated  in 
SOEC  mode  for  fuel  production.  Therefore,  the  knowledge  and  expe¬ 
riences  accumulated  in  the  SOFC  studies  can  be  also  beneficial  to 
the  SOEC  research  for  achieving  high  and  durable  cell  performance. 
For  successful  commercialization  of  the  SOFC  and  SOEC  technolo¬ 
gies,  however,  the  cost  of  the  system  must  be  reduced.  One  of  the 
recognized  cost  reduction  solutions  is  to  reduce  the  operating  tem¬ 
perature  from  the  traditional  1000°C  to  600-800  °C,  which  allows 
the  use  of  inexpensive  metallic  materials  as  interconnect  and  other 
components  that  reduce  the  manufacturing  cost.  In  addition,  the 
stability  of  the  cell  performance  can  also  be  significantly  improved 
at  the  reduced  cell  operating  temperature.  However,  operation  at 
lower  temperatures  results  in  the  overall  electrochemical  perfor¬ 
mance  reduction  due  to  the  increased  cell  resistance,  especially  the 
cell  polarization  resistance  (Rp). 
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The  most  commonly  used  hydrogen  electrode  for  SOFCs  and 
SOECs  is  nickel-yttria-stabilized  zirconia  (Ni-YSZ)  cermet  where  Ni 
provides  electronic  conductivity  as  well  as  electrochemical  activ¬ 
ity  for  H2  oxidation  and  H20  reduction,  while  YSZ  provides  ionic 
conductivity  and  improves  the  adhesion  between  the  Ni-YSZ  elec¬ 
trode  and  the  YSZ  electrolyte.  However,  Ni-YSZ  is  susceptible  to 
sulfur  poisoning  and  carbon  deposition  when  directly  operating  in 
sulfur-containing  hydrocarbon  fuels,  resulting  in  severe  deteriora¬ 
tion  of  the  cell  performance.  The  mechanism  of  performance  loss 
can  be  attributed  to  the  physical  adsorption/chemisorptions  of  H2S 
or  C  at  the  active  Ni  surface  sites  [3,4].  To  prevent  sulfur  poison¬ 
ing  and/or  carbon  deposition  when  using  fuels  with  H2S  and/or 
hydrocarbon,  certain  strategies  have  been  reported.  For  example, 
some  electrolyte  materials  such  as  scandium  stabilized  zirconium 
and  BaZr0.iCeo.7Yo.2-xYbx03_5  which  promote  oxidation  of  S  or  C 
due  to  their  high  ionic  conductivity  have  replaced  YSZ  to  improve 
the  sulfur  tolerance  and  carbon  resistance  of  Ni-based  cermet  elec¬ 
trode  [5,6].  Coating  material  such  as  ceria  modification  has  also 
been  explored  on  Ni  surface  [7].  It  has  been  assumed  that  the  pres¬ 
ence  of  an  ionic  conducting  phase  with  a  large  amount  of  O2-  may 
help  remove  sulfur  and  carbon  in  the  form  of  S02  and  C02  or  CO 
[8,9]. 

The  wet  impregnation  method  has  been  proven  to  be  an  effec¬ 
tive  method  to  decrease  the  polarization  resistance  both  in  SOFC 
and  SOEC  modes  [10].  Many  groups  have  reported  high  elec- 
trocatalytic  activity  and  enhanced  stability  of  the  electrode  by 
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infiltrating  the  corresponding  metal  nitrate  solution  into  the  pre¬ 
formed  porous  YSZ  backbone  or  the  electrode  substrates  [11,12]. 
By  impregnating  the  ionic  or  electronic  conducting  phase  into  the 
electrode,  both  the  electrical  conductivity  and  three  phase  bound¬ 
ary  (TPB)  length  are  greatly  enhanced,  and  in  turn,  Rp  is  significantly 
decreased. 

Ce02-based  oxide  has  been  widely  used  in  the  automotive  pol¬ 
lution  control  system  due  to  its  so-called  oxygen  storage  capacity 
(OSC)  ability,  functioning  as  an  oxygen  buffer  by  storing/releasing 
02  due  to  the  Ce4+/Ce3+  redox  couple,  which  forms  an  integral  part 
of  three-way  catalysts  for  automotive  exhaust  treatment  [  1 3  ].  With 
higher  OSC  of  the  catalyst,  higher  conversion  efficiency  and  resis¬ 
tance  to  thermal  aging  are  generally  observed  [14].  It  is  reported 
that  the  OSC  could  be  significantly  enhanced  by  doping  with  tita¬ 
nium  [15],  zirconium  [16]  or  molybdenum  [17]  due  to  the  valence 
change  of  dopant  or  the  structure  distortion  of  the  solid  solu¬ 
tion.  Mo03  has  also  shown  catalytic  activity  in  many  application 
areas  such  as  methanol  oxidation  [18]  and  toluene  oxidation  [19]. 
Recently,  Mo-containing  perovskites  such  as  Sr2Mgi_xMnxMo06_5 
[20]  and  Sr2Fei.5Mo0.5O6  [21]  have  been  developed  as  novel 
ceramic  anode  for  SOFC  applications,  showing  good  tolerance  to 
sulfur  poisoning  and  anti-carbon  deposition  when  operating  the 
cell  with  hydrocarbon  fuels.  These  perovskites  exhibit  high  elec¬ 
tronic  conductivity  in  reducing  environment  due  to  the  reduction 
of  Mo6+.  Mo03-Ce02  catalysts  have  been  employed  as  catalyst  in 
the  thermo-catalytic  cracking  (TCC)  process  [22]  and  CO  oxida¬ 
tion  [23].  The  structure  and  electrical  properties  of  Mo  doped  Ce02 
has  been  studied  by  Li  et  al.  [24].  It  is  concluded  that  the  10at.% 
Mo-doped  Ce02  exhibited  electrical  conductivities  of  2.8  xlO-4 
and  5.08  x  10-2  Son-1  at  550 °C  in  air  and  wet  H2,  respectively. 
Consequently,  it  is  our  hypothesis  that  by  introducing  ceria  and 
Mo6+/Mo5+  couple  as  a  catalyst  in  the  electrode,  the  cell  perfor¬ 
mance,  especially  the  sulfur  tolerance  and  coking  resistance,  can 
be  substantially  enhanced. 

In  this  study,  NiO-YSZ/YSZ/(La0.75Sro.25)o.95Mn03  (LSM)-YSZ 
button  cells  with  Ni-YSZ  modified  by  10at.%  Mo03  doped 
Ce02  (Moo.iCeo.g02+5,  MDC)  have  been  fabricated  by  an  ion- 
impregnation  method.  The  microstructure  features,  the  impreg¬ 
nation  loading  effect  on  the  cell  performance,  the  electrochemical 
performance  of  the  cells  in  both  fuel  cell  and  electrolysis  modes  as 
well  as  the  long  term  stabilities  of  the  cells  in  H2  with  50  ppm  H2S 
and  in  methane  have  been  systematically  evaluated. 


2.  Experimental 

2.  I .  Fabrication  of  the  single  cells 

NiO-YSZ  substrate  was  obtained  by  uniaxially  pressing  of  a  ball- 
milled  mixture  of  NiO  (Sigma-Aldrich,  USA)  and  YSZ  (8  mol%  Y203, 
Tosoh  Company,  Japan)  powders  with  20wt%  graphite  powder, 
and  then  pre-sintered  at  800  °C  for  2  h.  Thin  YSZ  electrolyte  layer 
was  prepared  by  a  similar  dip-coating  method.  After  co-sintering 
at  1400  °C  for  5h,  a  dense  electrolyte  layer  was  obtained.  The 
(La0.75Sr0.25  )o.95Mn03  (LSM)-YSZ  composite  cathode  with  an  effec¬ 
tive  area  of  ~0.33  cm2  was  prepared  by  screen-printing  method 
and  fired  at  1100°C  for  2h.  The  LSM  powder  was  synthesized 
by  the  citric  acid-nitrate  method.  A  0.5  M  aqueous  solution  of 
Ce(N03)3-6H20  (Alfa  Aesar,  USA)  and  (NH4)6Mo7  024  (Alfa  Aesar, 
USA)  (atom  ratio  of  Ce3+:Mo6+  is  9:1)  with  citric  acid  (ratio  of  citric 
acidications  is  3)  was  infiltrated  into  the  NiO-YSZ  substrate  under 
vacuum.  The  anode  was  then  dried  at  60  °C  for  12  h  and  sintered 
at  800  °C  for  2h.  This  cycle  was  repeated  until  a  desirable  MDC 
loading  level  was  achieved.  The  MDC  loading  level  was  determined 
by  the  weight  difference  before  and  after  each  impregnation  treat¬ 
ment  cycle.  We  called  cell  without  impregnation  as  Cell-0  and  cells 


Fig.  1.  Cross-section  SEM  image  of  the  unmodified  cell  (Cell-0)  after  testing. 


with  5,  7  and  9  impregnation  times  as  Cell-5,  Cell-7  and  Cell-9, 
respectively. 

2.2.  Cell  testing 

The  current  density-voltage  curves  as  well  as  the  impedance 
spectra  were  measured  with  a  four  probe  method  using  a  multi¬ 
channel  Versa  STAT  (Princeton  Applied  Research)  at  the  operating 
temperature  range  from  700  °C  to  800  °C.  The  high  temperature 
fuel  cell  and  electrolysis  testing  system  can  be  seen  in  our  previous 
work  [30].  During  SOFC  test,  humidified  hydrogen  gas  (3%  FI20/97% 
H2)  was  used  as  fuel  to  the  anode  side  while  the  cathode  side  was 
exposed  to  the  ambient  environment.  During  SOEC  test,  the  amount 
of  water  vapor  in  the  gas  mixture  was  continuously  measured  in 
terms  of  absolute  humidity  (AH,  the  vol.%  of  humidity  in  the  total 
gas  volume)  using  an  on-line  humidity  sensor  (Vaisala  Model  HMP 
337).  Hydrogen  flow  rate  was  controlled  at  45  seem  by  a  precision 
volume  flow  controller  (APEX,  Alicat  Scientific).  The  cell  polariza¬ 
tion  resistance  (Rp)  was  determined  from  the  difference  between 
the  low  and  high  frequency  intercepts  of  the  impedance  spectra 
with  the  real  axis.  The  microstructure  of  the  cell  was  characterized 
using  a  scanning  electron  microscope  (SEM,  FEI  Quanta  200). 

3.  Results  and  discussion 

3.1.  Cell  performance  of  cell  without  modification  (Cell-0) 

Fig.  1  shows  the  SEM  image  of  the  cross-section  microstructure 
of  the  unmodified  cell  (Cell-0).  The  dense  YSZ  electrolyte  about 
30  |xm  thick  is  well  adhered  to  both  the  anode  and  cathode.  The 
thicknesses  of  the  porous  anode  and  cathode  are  about  0.85  mm 
and  about  30  p,m,  respectively.  There  are  some  large  flake-shaped 
pores  in  the  anode,  which  are  probably  due  to  the  flake-shaped 
graphite  added  as  the  pore  former. 

Fig.  2  shows  the  cell  voltage,  current  and  power  output  curves  of 
Cell-0  at  different  temperature.  The  peak  power  density  is  342, 434 
and  531  mW  cm-2  at  700, 750  and  800  °C,  respectively.  Fig.  3  shows 
the  impedance  spectra  of  Cell-0  measured  at  different  tempera¬ 
tures  under  open-circuit  conditions.  The  cell  ohmic  resistance  (R&), 
corresponding  to  the  high-frequency  intercept  of  the  impedance 
spectra  with  the  real  axis,  is  0.40,  0.28  and  0.21  C2  cm2  at  700,  750 
and  800 0 C,  respectively.  The  cell  polarization  resistance  (Rp ),  deter¬ 
mined  from  the  difference  between  the  high-  and  low-frequency 
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Fig.  2.  IV  and  IP  curves  of  the  unmodified  cell  (Cell-0)  at  different  temperatures  Fig.  4.  IV  and  IP  curves  of  Cell-7  tested  at  different  temperatures  using  hydrogen  as 

when  using  H2  as  the  fuel  and  air  as  the  oxidant.  the  fuel  and  air  as  the  oxidant. 


Fig.  3.  Impedance  spectra  of  the  unmodified  cell  (Cell-0)  tested  at  different  temper¬ 
atures  under  open  circuit  conditions. 

intercepts  of  the  impedance  spectra  with  the  real  axis,  is  1.39, 0.74 
and  0.42  ^  cm2  at  700,  750  and  800  °C,  respectively.  The  cell  per¬ 
formance  is  comparable  to  the  results  reported  by  other  groups  for 
the  similar  cell  configuration  and  testing  conditions  [25-27]. 

3.2.  The  effect  ofMDC  impregnation 

Table  lisa  summary  of  the  effect  of  MDC  impregnation  in  the 
anode  on  cell  polarization  resistance  and  cell  peak  power  density. 
The  results  indicate  that  the  cell  performance  is  enhanced  after 
impregnation.  However,  it  can  also  be  found  that  the  cell  perfor¬ 
mance  enhancement  from  the  MDC  loading  increases  further  until 
the  seventh  MDC  infiltration  cycle,  and  then  decreases  upon  further 
increase  in  the  repeated  MDC  infiltration.  These  results  are  in  agree¬ 
ment  with  the  previous  reports  for  infiltrated  electrode  catalyst  in 
SOFCs  [28,29].  The  optimum  MDC  loading  is  about  294  mg  cm-3 
after  seven  repeating  infiltration  cycles  (Cell-7)  in  this  study. 

3.3.  Fuel  cell  performance  of  Cell-7 

Fig.  4  shows  the  cell  voltage,  current  and  power  output  curves 
of  the  cell  with  seven  repeated  MDC  infiltration  in  the  anode  (Cell- 
7)  at  different  temperatures  when  using  hydrogen  as  the  fuel  and 


Table  1 

The  Rp  and  peak  power  density  of  cell  after  different  infiltration  cycles  tested  at 
700  °C,  750  °C  and  800  °C,  respectively. 


Cell 

Rp  (£2  cm 

2) 

Peak  power  density  (mWcrrr2) 

700  °C 

750°C 

800  °C 

700  °C 

750°C 

800  °C 

Cell-0 

1.39 

0.74 

0.42 

342 

434 

531 

Cell-5 

0.59 

0.33 

0.21 

415 

542 

765 

Cell-7 

0.30 

0.24 

0.15 

581 

733 

837 

Cell-9 

0.59 

0.29 

0.20 

411 

535 

763 

ambient  air  as  the  oxidant.  The  cell  peak  power  density  is  as  high 
as  581,  733  and  837  mWcnrr2  at  700  °C,  750  °C  and  800  °C,  respec¬ 
tively.  Fig.  5  shows  the  impedance  spectra  of  Cell-7  measured  at 
different  temperatures  under  open  circuit  conditions.  Both  the  cell 
ohmic  resistance  ( R n)  and  polarization  resistance  ( Rp )  decreased 
after  impregnation  ofMDC  in  the  anode,  indicating  that  the  attach¬ 
ment  between  the  anode  and  electrolyte,  microstructure  of  the 
anode  as  well  as  the  catalytic  activity  of  the  anode  have  been  greatly 
optimized  through  MDC  infiltration. 

3.4.  Electrolysis  cell  performance  of  Cell-7 

Fig.  6(a)  and  (b)  shows  the  polarization  performances  of  Cell- 
7  under  the  SOEC  mode.  H2  flow  rate  was  set  at  45  seem  and  the 
absolute  humidity  (AH)  was  varied  from  30  vol.%  to  70  vol.%  in  the 
hydrogen  electrode  gas  stream  while  the  oxygen  electrode  was 
exposed  to  ambient  air.  The  data  were  acquired  by  decreasing  the 
potential  from  1 .8  to  0.2  V  with  a  30  mV  s-1  voltage  sweeping  rate, 
as  displayed  in  Fig.  6(a).  The  applied  cell  voltages  are  plotted  as 
a  function  of  the  cell  current  densities.  Negative  current  densities 
indicate  electrolysis  mode,  and  the  cell  voltage  at  zero  current  den¬ 
sity  corresponds  to  the  OCV.  As  shown  in  Fig.  6(a),  OCV  is  influenced 
by  the  steam  to  hydrogen  ratio,  and  increases  when  the  steam  to 
hydrogen  ratio  decreases,  as  predicted  from  the  Nernst  equation 
for  the  hydrogen-oxygen-steam  system,  which  can  be  seen  in  our 
previous  work  [30].  In  the  SOEC  mode,  the  voltage  varies  linearly 
with  the  cell  current  density.  It  can  be  seen  that  the  increase  either 
in  the  cell  operating  temperature  or  AH  in  the  hydrogen  electrode 
gas  stream  can  lead  to  the  improvement  of  the  cell  current  den¬ 
sity  values.  For  example,  according  to  Fig.  6(b),  at  70  vol.%  AH,  a  cell 
current  density  value  of  0.68  A  cm-2  was  observed  at  700  °C,  while 
it  increased  to  1.65  A  cm-2  at  800  °C  with  an  applied  cell  voltage 
of  1.6  V;  on  the  other  hand,  at  800  °C,  when  the  AH  was  increased 
from  30  to  70  vol.%,  the  cell  current  density  showed  a  significant 
improvement,  from  1.14  to  1.65  A  cm-2,  comparable  to  our  previ¬ 
ous  study  with  the  modified  oxygen  electrode  of  the  SOECs  [31  ].  In 


Fig.  5.  Impedance  spectra  of  Cell-7  measured  at  different  temperatures  under  open 
circuit  conditions. 
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Fig.  6.  (a)  Voltage-current  density  of  Cell-7  and  (b)  current  density  under  an  applied 
voltage  of  1.6  V  recorded  as  a  function  of  different  operating  temperatures  and 
absolute  humidity. 

this  work,  LSM-YSZ  oxygen  electrode  was  fabricated  by  mechan¬ 
ically  mixing  of  LSM  and  YSZ  powders  instead  of  the  infiltration 
method  to  enhance  the  oxygen  electrode  performance.  Therefore, 
it  can  be  concluded  that  the  enhancement  of  the  cell  performance 
in  this  study  can  be  attributed  to  MDC  modification  on  the  Ni-YSZ. 

Fig.  7  shows  the  short  term  stability  of  Cell-7  under  electroly¬ 
sis  operation  at  750  °C  and  50vol.%  AH.  The  cell  was  operated  at 
a  constant  current  density  of  0.33  Acm-2,  and  the  cell  voltage  was 
recorded  to  evaluate  the  cell  performance  stability.  The  cell  voltage 
required  to  maintain  a  0.33  A  cm-2  electrolysis  current  density  is 
plotted  as  a  function  of  the  operating  time.  Overall  the  cell  shows 
a  very  stable  performance  in  the  period  tested. 

Fig.  8  shows  the  SEM  images  of  the  hydrogen  electrode  of  Cell- 
7  before  and  after  the  short-term  electrolysis  testing.  It  can  be 
seen  that  the  surfaces  of  Ni  and  YSZ  particles  were  fully  covered 
by  the  nano-sized  MDC  particles.  The  connection  between  the  YSZ 
electrolyte  and  the  Ni-YSZ  hydrogen  electrode  was  enhanced  by 
impregnation  of  MDC  since  the  pores  in  this  area  were  partially 
filled  with  MDC.  Consequently,  the  MDC  impregnation  significantly 
enhanced  the  hydrogen  electrode  performance  by  increasing  the 
TPB  length  and  the  electrical  conductivity.  Further,  there  is  no 
observable  microstructure  change  in  the  MDC  infiltrated  hydro¬ 
gen  electrode  before  and  after  the  short-term  electrolysis  testing, 


Fig.  7.  Short  term  electrolysis  testing  of  Cell-7  with  an  applied  current  of  0.33  A  cm-2 
operated  at  750 °C  and  50  vol.%  absolute  humidity. 

indicating  that  the  MDC  infiltrated  hydrogen  electrode  has  good 
stability  under  the  cell  operating  conditions. 

3.5.  Sulfur  tolerance  and  carbon  resistance 

Fig.  9  shows  the  sulfur  tolerance  test  of  the  MDC  modified  Ni- 
YSZ  anode  at  750  °C  in  the  SOFC  mode  under  a  current  density  of 
0.6  A  cm-2.  The  cell  performance  using  H2  as  the  fuel  increased 
and  then  stabilized  after  operating  for  lOOh.  The  initial  increase 
in  cell  performance  was  probably  attributed  to  NiO  reduction  to 
Ni  in  the  anode  and  the  activation  of  the  LSM-YSZ  cathode.  Upon 
stabilization  of  the  cell  performance,  the  fuel  was  switched  from 
H2  to  H2  containing  50  ppm  H2S.  The  process  seems  to  have  four 
stages:  a  rapid  increase  (1.35%)  in  the  cell  performance  at  first  sev¬ 
eral  minutes  followed  by  a  short-term  stabilization  for  about  3  h 
and  then  a  slow  but  continuous  performance  increase  (1.33%)  in 
the  next  3  h,  and  at  last  a  continuous  drop  (2.62%)  in  the  follow¬ 
ing  32  h.  Upon  removal  of  H2S  from  the  fuel,  the  cell  performance 
initially  decreased  but  then  gradually  stabilized.  After  switching 
from  H2  to  H2  with  H2S,  the  cell  performance  increased  first  and 
then  decreased  again.  Liu  et  al.  pointed  out  that  ceria  can  strongly 
absorb  S  and  may  be  effective  for  electrochemical  removal  of  S  [32]. 
However,  it  needs  to  be  pointed  out  that  there  is  an  initial  increase, 
instead  of  a  drop,  in  cell  power  output  upon  exposure  to  H2  con¬ 
taining  50  ppm  H2S.  In  addition,  it  has  been  shown  that  the  cell 
performance  in  H2  with  50  ppm  H2S  is  higher  than  that  in  H2,  which 
is  totally  different  from  other  coating  materials  such  as  ceria  mod¬ 
ified  anode  [7].  This  may  be  attributed  to  the  formation  of  MoS2 
from  decomposition  of  H2S,  consequently  leading  to  an  increase 
in  the  dissociated  hydrogen  species  [33].  Further,  the  formation  of 
surface  oxides  such  as  MoS2  [34]  and  Ni-Mo-S  [35]  can  extend  elec- 
trochemically  active  sites  and  improve  the  electrical  conductivity 
[36]. 

Fig.  10  shows  the  short  term  stability  test  when  using  CH4  as 
the  fuel  at  750  °C  under  a  current  density  of  0.60  A  cm-2.  The  cell 
performance  increased  and  then  stabilized  after  operating  for  40  h. 
Upon  switching  the  fuel  from  H2  to  CH4,  the  cell  voltage  output 
dropped  from  705  mV  to  483  mV  in  the  first  several  minutes.  The 
cell  performance  subsequently  increased  continuously  in  the  next 
50  h.  Cell  voltage  eventually  stabilized  at  about  698  mV  and  showed 
very  stable  cell  performance  in  CH4  for  200  h.  The  cell  performance 
stability  of  the  MDC-modified  Ni-YSZ  anode  operating  in  methane 
as  the  fuel  is  much  better  than  that  of  cells  with  Ni-based  cermet 
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Fig.  8.  SEM  images  of  Cell-7  before  and  after  short-term  electrolysis  testing:  (a)  cross-section  view  of  the  cell  before  testing:  (b)  microstructure  of  the  hydrogen  electrode 
before  testing:  (c)  cross-section  view  of  the  cell  after  testing:  (d)  microstructure  of  the  hydrogen  electrode  after  testing. 


modified  by  other  ceria  coating  such  as  samaria-doped  ceria  (SDC) 
[28].  The  enhancement  of  the  cell  performance  stability  operat¬ 
ing  in  methane  as  the  fuel  may  be  attributed  to  the  incorporation 
of  molybdenum  in  ceria,  resulting  in  a  significant  improvement  to 
coking  resistance  [37]  while  having  no  adverse  effect  on  the  reform¬ 
ing  activity  [38].  It  has  been  revealed  that  the  coated  MDC  on  Ni-YSZ 
anode  not  only  effectively  prevents  the  methane  fuel  from  directly 
impacting  on  the  Ni  particles,  but  also  enhances  the  kinetics  of 
methane  oxidation  due  to  an  improved  oxygen  storage  capacity 


Fig.  9.  Sulfur  tolerance  test  for  Cell-7  under  a  current  density  of  0.60  A  cm-2  at  750  °C 
using  H2  and  H2  with  50  ppm  H2S  as  the  fuel,  respectively. 


Fig.  10.  The  short-term  cell  performance  testing  of  Cell-7  under  a  current  density 
of  0.6  A  cm-2  at  750  °C  using  H2  and  methane  as  the  fuel,  respectively. 

(OSC)  and  redox  equilibrium  of  the  anode  surface,  resulting  in  sig¬ 
nificant  enhancement  of  the  MDC  modified  Ni-YSZ  anode  for  direct 
methane  oxidation. 

4.  Conclusions 

The  conventional  Ni-YSZ  electrode  with  1 0  at.%  Mo-doped  Ce02 
(MDC)  modification  by  an  impregnation  method  has  been  evalu¬ 
ated  for  solid  oxide  fuel  and  electrolysis  cells.  The  loading  level 
of  MDC  has  shown  substantial  impact  on  the  electrochemical 
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performance  of  the  resulted  electrode.  The  electrode  modified  with 
MDC  with  a  loading  of  about  294  mg  cm-3  after  7  impregnation 
cycles  shows  the  most  improved  performance.  In  the  SOFC  mode, 
the  optimal  cell  shows  a  peak  power  density  of  837  mW  cm-2  and 
a  polarization  resistance  of  0.15  £2  cm2  (under  open  circuit  condi¬ 
tion)  at  800  °C  when  using  H2  as  the  fuel.  In  the  SOEC  mode,  current 
densities  of  1 .1 4  A  cm-2  and  1 .60  A  cm-2  can  be  obtained  at  30  vol.% 
and  70  vol.%  absolute  humidity  (AH)  at  800  °C  with  an  applied  volt¬ 
age  of  1.6  V,  respectively.  The  anode  modified  by  MDC  also  showed 
a  very  good  sulfur  tolerance  using  H2  containing  50  ppm  H2S  and 
coking  resistance.  The  results  indicated  that  the  nano-sized  MDC 
can  greatly  enhance  the  hydrogen  electrode  performance  in  both 
SOFCs  and  SOECs. 
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